ABSTRACT In this paper, we propose an estimated wideband geometry-based channel model for vehicleto-vehicle (V2V) communication environments, which is based on an angle of departure (AoD) and angle of arrival (AoA) estimation algorithm, to determine the ellipse scattering region and to efficiently study the V2V channel characteristics for different propagation delays, i.e., per-tap channel statistics. In the first stage, we estimate the AoD and AoA for the first tap. In this case, the ellipse-scattering region for the first tap can be determined. Then, we estimate the ellipse channel models for other taps based on the estimated model parameters for the first tap. Furthermore, the spatial cross-correlation functions (CCFs) are derived and thoroughly investigated for different propagation delays. The excellent agreement is achieved between the proposed channel statistics and prior results and measurements.
I. INTRODUCTION
To satisfy the efficient requirements of fifth-generation (5G) wireless communication networks, a variety of advanced technologies have been introduced in the existing literature [1] , [2] . To be specific, vehicle-to-vehicle (V2V) communications, which constitute one of the most potentially useful 5G research topics, have received great attention in recent years. The successful design and analysis of V2V communication systems requires investigation on the propagation characteristics between a mobile transmitter (MT) and a mobile receiver (MR) in V2V channels [3] .
A. RELATED WORKS 1) GEOMETRY-BASED CHANNELS
In general, realistic channel models provide effective means to approximate the propagation characteristics and serve as the basis for performance evaluation in general communication systems. Thus far, there have been a variety of studies
The associate editor coordinating the review of this manuscript and approving it for publication was Liangtian Wan. of the V2V propagation characteristics between a transmitter and a receiver. Geometry-based stochastic models (GBSMs), which assume that all the interfering objects between a transmitter and receivers are located on a geometric shape, are widely used to describe V2V communication environments [4] , [5] , mainly because the geometric model, which has the advantage of low complexity, specifies the mathematical model and the algorithms used for channel modeling that are applied to all communication environments. In 1986, Akki and Haber [6] were the first to develop a geometric Rayleigh fading model for single-input single-output (SISO) V2V communication environments. As demonstrated in [7] , the ellipse model with an MT and MR located at the foci can be used to determine the waves of the same propagation path lengths in multipath channels. Therefore, it is reasonable to use an ellipse to describe the distribution of the interfering objects in roadside communication environments in V2V channels.
In previous studies, Zajic and Stuber [8] proposed a generic Ricean fading channel model with propagation rays with single and double interactions for multiple-input multipleoutput (MIMO) V2V scenarios. Cheng et al. [9] developed a geometric Ricean channel model for MIMO mobile-tomobile (M2M) environments. Furthermore, in [10] and [11] , we proposed ellipse channel models for V2V communication environments, which investigated the channel characteristics for different model parameters and moving velocities and directions of the MT and MR. For the above channel models, the ellipse-scattering region of the V2V communication environments, which can be determined by the major and minor axes of the ellipse models, is assumed to be known. However, because the practical vehicular scattering environments are complex and variable, it is impossible to accurately determine the values of the major and minor axes of the ellipse models. Therefore, it is important to propose an angular estimation algorithm to estimate the major and minor axes of ellipse models, which can be further used to determine the ellipse-scattering region in V2V channels.
2) WIDEBAND CHANNELS
References [8] and [11] focus on narrowband channel models, i.e., frequency nonselective channels, wherein all rays are subjected to a similar propagation delay. However, this scenario is not a realistic description of V2V communication environments. Sen and Matolak [12] conducted channel measurements in wideband and narrowband V2V channels; the results demonstrated that the propagation rays scattered by the roadside environments make different contributions to the V2V channel characteristics. Accordingly, it is important to analyze different taps of the wideband V2V channel model, i.e., frequency selective channels. Cheng et al. [13] proposed multiple confocal ellipses to reflect vehicular roadside environments. Cheng et al. [13] investigated the propagation characteristics for different time delays, i.e., per-tap channel statistics, which provide efficient solutions to investigate the propagation characteristics in wideband V2V channels. Furthermore, Li et al. [14] developed deterministic and stochastic simulation models for wideband V2V channels. For the abovementioned wideband V2V channels, the ellipse models, which correspond to the scattering regions for the different propagation delays, are assumed to be known in advance. In reality, this condition is too idealistic to reflect the real V2V communication environments. To overcome this challenge, it is important to estimate ellipse channel models for different taps. Consequently, an efficient angular estimation algorithm is indispensable.
3) DIRECTION-OF-ARRIVAl ESTIMATIONS
Thus far, a variety of angular estimation algorithms have been developed to analyze the performance of wireless communication systems [15] - [19] . Specifically, in [15] , C. S. Xiao et al. proposed a novel triply selective Rayleigh channel model that incorporated a discrete-time MIMO communication system over space-, time-, and frequencyselective Rayleigh channels. To reduce the variation of time-averaged correlations of a fading realization, Xiao et al. [16] improved Clarke's model. Ren and Zheng [17] proposed a hardware implementation scheme for discretetime MIMO triply selective fading emulators, which uses a mixed parallel-serial structure to achieve the best tradeoff of hardware usage and output speed. Liu et al. [18] proposed an algorithm with pre-estimation to reduce the dimensionality of the measurement matrix for direction-of-arrival (DoA) estimation. Furthermore, Huang et al. [19] proposed deep-learning-based schemes for achieving super-resolution DoA estimation and channel estimation in massive MIMO communication systems.
B. MAIN CONTRIBUTIONS
To address the above issues, we present an estimated wideband geometry-based V2V channel model based on the angle of departure (AoD) and angle of arrival (AoA) estimation algorithm, as illustrated in Fig. 1 . The major contributions of this paper are outlined as follows: (1) We propose a computationally efficient approach to estimate the ellipse scattering region in V2V channels. Then, we estimate the wideband ellipse channel models for different taps.
(2) In the proposed estimated wideband geometry-based channel model, we estimate the V2V channel characteristics for different propagation delays, which have not been studied previously.
(3) In the proposed model, the spatial cross-correlation functions (CCFs) for different taps are thoroughly investigated and compared to prior results. The results demonstrate that the proposed model has the ability to efficiently approximate the performances of realistic V2V communication systems.
The remainder of this paper is summarized as follows. Section II presents the system channel model. Section III discusses the AoD and AoA estimations for the first tap; then, the ellipse channel models and the corresponding propagation path lengths for other taps are estimated. Section IV presents the channel characteristics of the proposed estimated channel model, and then, numerical results and discussions are presented in Section V. Finally, our conclusions are presented in Section VI. VOLUME 7, 2019 
II. SYSTEM MODEL A. WIDEBAND CHANNEL MODEL
In multipath channels, an ellipse model typically forms the physical basis for modeling wideband channel models, i.e., frequency-selective channels. Here, the model introduces scatterers with identical delays on the same ellipse, whereas different ellipses represent the wideband channel characteristics. To be specific, as shown in Fig. 2 , when the MT and MR are located in the focus of the ellipse and the communications between the MT and MR are confined to the l-th ellipse scattering region, every wave is exposed the same discrete propagation delay τ l = τ 0 + lτ , l = 0, 1, 2, . . . , L − 1, where τ 0 denotes the delay of direct line-of-sight (LoS) propagation, τ is an infinitesimal propagation delay, and L is the number of paths with different propagation delays. The number of paths l with different propagation delays in the ellipse models exactly corresponds to the number of delay elements. For V2V scenarios, it is important to design different taps of wideband V2V channel models. As demonstrated in [13] , the tap is strongly related to the delay resolution in V2V channels. Here, when we define a l as the semi-major of the l-th ellipse, the semimajor of the (l + 1)-th ellipse can be derived as a l+1 = a l + cτ/2 with the speed of light c = 3 × 10 8 m/s.
B. DESCRIPTION OF THE PROPOSED CHANNEL MODEL
In this subsection, we provide a wideband geometry-based MIMO V2V channel model, as shown in Fig. 1 , where the MT and MR are equipped with M T and M R uniform linear array (ULA) omnidirectional receiving antennas. In the model, we define the major of the l-th ellipse, on which the center points of the MT and MR are located, as the x-axis; we define the semiminor of the l-th ellipse as the y-axis. In poor V2V communication environments, the LoS components are typically blocked by interfering objects; therefore, the LoS components are very weak, while the non-LoS (NLoS) components are dominant in the signal received at the MR. To sum up, the signal from the MT in the model impinges on the interfering obstacles (cluster) before reaching the MR.
In the proposed model, we introduce multiple confocal ellipses to depict the roadside environments in V2V channels. For the transmitting and receiving antennas, let us define δ T and δ R as the antenna spacing elements at the transmitter and receiver, respectively, and ψ T and ψ R as the orientations of the transmitting and receiving antenna arrays relative to the x-axis, respectively. The semimajor and semiminor axes of the l-th ellipse are designated a l and b l , respectively. The distance from the center point of the MT to that of the MR is designated D 0 . Here, we suppose that N l effective scatterers lie on the l-th confocal ellipse with the MT and MR located at the foci, and the n l -th (n l = 1, . . . , N l ) scatterer is designated s (n l ) . The distances from the p-th (p = 1, 2, . . . , M T ) transmitting and q-th (q = 1, 2, . . . , M R ) receiving antenna to the scatterer s (n l ) are designated D pn l and D qn l , respectively. In V2V environments, the MT and MR are both in motion, and we define v T and v R as the movement velocities of the MT and MR, respectively, and ϕ T and ϕ R as the movement directions of the MT and MR, respectively. The AoA of the wave traveling from an effective scatterer s (n l ) toward the MR is designated α
R . The AoD of the wave that impinges on the effective scatterer s (n l ) is designated α
T . For the proposed MIMO V2V channel, the physical properties can be described by a matrix
where h pq (t, τ ) represents the complex channel impulse response (CIR) between the p-th antenna of the transmitting array and the q-th antenna of the receiving array, i.e.,
where l denotes the tap number, L is the total number of the taps, and ω l and τ l are the complex amplitude and the delay time of the l-th tap, respectively. In reality, the delay time τ l in the proposed channel model is discrete, which corresponds to the time delay for different taps in wideband ellipse models [13] . Furthermore, h l,pq (t) denotes the complex fading envelope of the l-th tap, which can be expressed as
where τ l,pq,n denotes the travel times of the waves from the p-th antenna of the transmitting array and the q-th antenna of the receiving array. Here, f c denotes the carrier frequency and λ is the carrier wavelength. To proceed further with a stochastic description of the channel model in (2), we assume that the phase ϕ 0 is an independent random variable, which has a uniform distribution in the interval from −π to π, i.e., ϕ 0 ∼ [−π, π).
III. AoD AND AoA ESTIMATION FOR THE FIRST TAP
In general, when we aim to estimate the wideband ellipse scattering channel models for different taps, it is important to determine the major and minor axes of the ellipse models in advance. However, it seems impossible to estimate the ellipse models for every tap because of the high computational complexity of the estimation process. Note that the ellipse models for different taps can be derived based on the model parameters and the major and minor axes for the first tap, i.e., l = 1. In light of this condition, we propose a three-step approach to estimate the ellipse channel models for different taps. To be specific, we propose an approach that estimates the AoD and AoA for the first tap. Then, based on the known distance between the center points of the MT and MR, we can estimate the major and minor axes of the ellipse model for the first tap. In this case, the ellipse scattering region for the first tap has been determined. Finally, we estimate the major and minor axes of the ellipse models for other taps (l ≥ 1) based on the estimated model parameters. For the first tap, let us define α 1,T and α 1,R as the AoD and AoA of the propagation path, respectively, D 1,T and D 1,R as the distances from the center points of the MT and MR to the scatterers, respectively, and D pn 1 and D qn 1 as the distances from the p-th transmitting and q-th receiving antenna to the scatterers, respectively. Here, the complex fading envelope can be calculated as
where τ 1,pq,n denotes the delay time of the wave from the p-th antenna of the transmitting array and the q-th antenna of the receiving array for the first tap, which can be derived as
where
The distance D 0 is assumed to be known in advance; thus, the parameters D 1,R and D 1,T can be determined when the angular parameters α 1,T and α 1,R are estimated.
In the proposed communication system, the received signal of the q-th antenna of the receiving array can be calculated as [15] 
where x p (τ ) denotes the p-th transmitted signal and * is the convolution operation. In substituting (3) into (7), the received signal of the q-th receiving antenna for the first tap can be expressed as
where n q (τ ) denotes the complex noise of the q-th receiving antenna. As previously mentioned, there are M R receiving antennas in the proposed communication system; therefore, the received signal can be expressed as an M R -dimensional vector, i.e., [20] 
Therefore,
The continuous received signal y q (τ ) can be converted to a discrete sequence of samples {y q (1T ), . . . , y q (kT ), . . . , y q (KT )} with no loss of information. Therefore, the received signal of the k-th (k = 1, 2, . . . , K ) sequence of the q-th receiving antenna element can be expressed as
where n q (kT ) denotes the complex white Gaussian noise of the k-th sequence of the q-th antenna of the receiving array, i.e., n q (kT ) ∼ CN (0, σ 2 ). Therefore, the received signal in the proposed communication system can be expressed as
Assume that y ∼ CN (µ, σ 2 I M R ×K ), where µ denotes the M R ×K mean element. It is assumed that the elements in y are VOLUME 7, 2019 independent and identically distributed (i.i.d). Then, according to Euler's theorem, the probability density function (PDF) for the complex normal distribution can be expressed as
To estimate the angular parametersα 1,T andα 1,R for the first tap in the proposed V2V communication system, we can adopt a series of classic estimation solutions, i.e., the NewtonRaphson method and grid search method [21] . Therefore, the semimajor and semiminor axes of the ellipse model for the first tap can be estimated aŝ
Thus far, the ellipse scattering region for the first tap has been estimated. As demonstrated in [13] , the delay resolution is approximately the inverse of the bandwidth; therefore, we assume that the delay resolution in the proposed model is 20 ns for 50 MHz. Based on the above estimated parameterŝ a 1 andb 1 , the semimajor and semiminor axes of the ellipse models for other taps can be estimated aŝ
Then, we can estimate the distances from the centers of the MT and MR to the scatterer s (n l ) aŝ
Consequently, the distances from the p-th transmitting and q-th receiving antenna to the scatterer s (n l ) can be expressed aŝ
T , and α (n l ) R are set to be variables in the proposed communication system. To be specific, the angular parameters α
have nonuniform distributions in the interval from −π to π , i.e., α
. Thus far, the ellipse models and propagation path lengths for other taps have been estimated. Then, we can investigate the propagation characteristics in the proposed model.
IV. CHANNEL CHARACTERISTICS OF THE PROPOSED MODEL
In wireless channels, the spatial CCFs can be used to measure the spatial correlation between two different propagation links. It was reported in [5] that the spatial CCF between the two propagation links from p-th transmitting antenna to q-th receiving antenna and from the p -th (p = 1, 2, . . . , M T ) transmitting antenna to the q -th (q = 1, 2, . . . , M R ) receiving antenna is defined as the correlation between the complex fading envelope. Therefore, the spatial CCF of the proposed model can be expressed as
where E[·] denotes the expectation operation and (·) * is the complex conjugate operation. Here, we assume that the E[·] applies only to the random phases ϕ 0 . In substituting (2) into (22) , the spatial CCF of the proposed model can be expressed aŝ
Consequently, the discrete angular parameters α 
T (R) ) denotes the PDF of the AoD and AoA distributions. Here, we adopt von Mises PDF to characterize the angular distribution, which can be expressed as
where I 0 (·) denotes the zeroth-order modified Bessel function of the first kind, µ ∈ [−π, π] is the mean value of the angular parameter α, and k(k ≥ 0) is an environmentrelated parameter. The von Mises PDF approximates a variety of scattering distributions in V2V communication environments. For example, we obtain f (α) = 1/(2π ) (isotropic scattering) as k = 0, while k = ∞ yields f (α) = δ(α − µ) (extremely nonisotropic scattering). For small k, this function approximates the cardioid PDF, while for large k, it resembles a Gaussian PDF with mean µ and standard derivation [22] . As a result, (23) can be rewritten aŝ
In substituting (24) into (25), the spatial CCF of the proposed model can be derived. Note that the expression above can be obtained by averaging over the random phases ϕ 0 . Furthermore, the proposed spatial correlation is related to the transmitting/receiving antenna element spacings and the estimated parameters for the first tap.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, we first discuss how to estimate AoD and AoA for the first tap; then, we investigate the spatial CCFs of the proposed model. 
A. ESTIMATED ANGULAR PARAMETERS
In the proposed V2V communication system, we define the p-th transmitted signal as a cosine signal, i.e., x p kT − τ 1 = cos kT −τ 1 . Unless otherwise specified, the essential parameters in this section are obtained using f c = 5.9 GHz, In the proposed communication system, the mean squared error (MSE) performances of the AoD and AoA estimations for the first tap (l = 1) and other taps (l > 1) are provided in Figs. 3 and 4 , respectively. The MSE of angular estimation is defined as E = |v true − v est | 2 , where v true represents the exact angle in the proposed communication system and v est is its estimated counterpart. Fig. 3 shows that the MSEs of the AoD and AoA estimations gradually decrease as K increases. Furthermore, the MSEs of the angular estimations increase as the distance D 0 increases from 100 m to 200 m. In Fig. 4 , we observe that the MSE performance has different behaviors at different taps. The MSE gradually increases as the tap number increases.
B. SPATIAL CCFS
By using (25), the spatial CCFs of the proposed model for different antenna spacings can be determined as shown in Figs. 5, 6, and 7. The figures demonstrate that the spatial correlation gradually decreases as the MR antenna spacing δ R increases. Fig. 5 shows that when the distance from the center point of the MT to that of the MR increases from D 0 = 50 m to D 0 = 500 m, the spatial correlation decreases gradually. Note also that when the distance D 0 is less than 100 m, the changing curves of the spatial correlations are insignificant. Fig. 6 illustrates the spatial CCFs of the proposed model for different movement directions (i.e., ϕ T and ϕ R ) of the MT and MR. When the MT and MR move toward each other, i.e., ϕ T = 0 and ϕ R = π , the spatial correlations are different from those of the MT and MR moving in opposite directions, i.e., ϕ T = π and ϕ R = 0. Furthermore, the spatial correlations increase gradually as the moving time t increases from 2 s to 4 s, which is consistent with the results in [9] . Fig. 7 shows that the channel characteristics of the proposed model have different properties for different taps. To be specific, when the tap number increases from 2 to 10, the spatial correlation decreases gradually.
VI. CONCLUSION
In this paper, we have provided an estimated wideband geometry-based channel model for vehicle-to-vehicle communication environments. Based on the known distance between the center points of the MT and MR, the AoD and AoA for the first tap are estimated. Then, we estimate the ellipse channel models for other taps based on the above estimated angular parameters and the geometric properties of the channel model. It has been demonstrated that the MSE performances of the AoD and AoA perform satisfactorily as the parameter K gradually increases. The proposed V2V channel characteristics have different properties for different propagation delays. The results demonstrate that the spatial CCFs of the proposed model are impacted by the movement directions of the MT and MR. Our research work therefore provides a new and efficient guidance for providing designing V2V communication systems in future wireless networks.
